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ABSTRACT 
The subsurface biosphere may account for one-third to one-half of the total biomass on 
Earth; however, we have only recently begun to explore this frontier. The life found in 
the subsurface is largely bacterial and archaeal; and most of these organisms remain 
unstudied. Among phylotypes found in marine sediments, the Miscellaneous 
Crenarchaeotal Group (MCG) of archaea have emerged as dominant players. Despite its 
apparent ubiquity, hardly anything is known about this very diverse group of microbes. In 
this work, I have analyzed several complete archaeal genomes belonging to the MCG 
group from the subsurface of the White Oak River estuary. I found genes indicating that 
the MCG subgroups analyzed here have the ability to reduce nitrite and other oxidized 
nitrogen compounds. These results suggest that our understanding of marine 
biogeochemical cycling may need to be modified to account for the significant role these 
organisms may play.  
 
 
INTRODUCTION 
 
Nearly every place we have looked for life on Earth, we have found it. Persisting 
and thriving in the most unexpected places, life has been found in radioactive waste, ice 
cores from the arctic, and hydrothermal vents at the mid-Atlantic ridge. We have even 
found life well over 1 km below the surface of the Earth (Dong et al., 2014) . Subsurface1 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  Terminology dealing with the subsurface is ambiguous and no clear distinctions exist. 
“Subsurface” is usually meant to imply that there is no direct contact with the water 
column or atmosphere. (Teske & Sørensen, 2007) 
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prokaryotes may account for between 1/10 to 1/3 of the Earth’s total biomass (Whitman, 
Coleman, & Wiebe, 1998). Despite this astonishing fact, we have only recently begun to 
explore this new frontier in environmental microbiology.  
Life buried below the surface of the Earth must deal with very interesting 
conditions and challenges to survival. With no light, organisms here must fix carbon by 
non-photosynthetic means, or assimilate exogenous organics, which typically increase in 
abundance with depth. In typical aquatic sediments, oxygen is depleted within the first 
few mm, meaning that all respiration below the surface must use an alternate terminal 
electron acceptor (TEA). Despite knowing this, there are still many unanswered 
questions: What are the metabolic capabilities of these organisms? What enzymes do they 
use? Though these are basic questions, we are still discovering new metabolic pathways 
to this day (e.g. anammox) (Strous et al., 1999).   
Even though members of Eukarya (e.g. fungi and protists) have been found in the 
subsurface, life here is largely of the domains Archaea and Bacteria (Edgcomb, 
Beaudoin, Gast, Biddle, & Teske, 2011). While we have known of the existence of the 
Bacteria for well over a century, and the Eukarya for millennia, the discovery this third 
domain of life, the Archaea, is a comparatively recent event (Woese & Fox, 1977; 
Woese, Kandler, & Wheelis, 1990). Discovered in the late 20th century, these organisms 
have been found in a wide variety of habitats, from the extreme environments in which 
they were initially thought to exclusively reside, to within the gut and in nearly every 
other mesophilic environment (Miller, Wolin, Conway de Macario, & Macario, 1982; 
Delong, 1994)Both lipid and genetic analyses have shown that archaea contribute to a 
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significant proportion of the biomass in marine and subsurface sediments (Kubo et al., 
2012; Lipp, Morono, Inagaki, & Hinrichs, 2008) 
There are thought to be at least five phyla of Archaea: the Euryarchaeota, 
Crenarchaeota, Nanoarchaeota, Thaumarchaeota, and Korarchaeota. Of these, the 
Crenarchaeota and Euryarchaeota are the best characterized. Within the Crenarchaeota, 
there are many divisions; one of the most phylogenetically diverse groups is the 
Miscellaneous Crenarchaeotal Group (MCG). Within the MCG, there are over a dozen 
subdivisions2, with 16S rRNA sequence similarities of only 76% from MCG-1 to MCG-
17; the MCG may therefore be as diverse as all of the Proteobacteria (Kubo et al., 2012; 
Lazar, personal communication).  MCG archaea have been found in a multitude of 
environments, from deep subsurface sediments to brackish waters, sulfidic springs to hot 
springs (Parkes et al., 2005; Hershberger, Barns, Reysenbach, Dawson, & Pace, 1996; 
Elshahed et al., 2003; Barns, Delwiche, Palmer, & Pace, 1996). 
Despite their seeming ubiquity, not much is known about the metabolic 
capabilities of the MCG. The current working hypothesis is that the MCG are anaerobic 
heterotrophs (Biddle et al., 2006; Teske & Sørensen, 2007). Understanding the metabolic 
capabilities of such a predominant organism is important to understanding how the MCG 
might play a role in global biogeochemical cycles. This thesis aims to address the 
anaerobic metabolic capabilities of some of the MCG subdivisions.  
The White Oak River Estuary (WOR), located off the coast of North Carolina, has 
an abundance of uncultured archaea, with many studies finding that MCG sequences 
dominate the samples (Gagen, Huber, Meador, Hinrichs, & Thomm, 2013; Kubo et al., 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  This is according to the categorization proposed by Kubo et al, 2012, Sørensen & Teske, 2006, 
and Nercessian, Bienvenu, Moreira, Prieur, & Jeanthon, 2005. Others have proposed other 
alternative subdivisions. See Jiang et al 2011, where a 6 subdivision categorization is proposed. 
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2012; K. G. Lloyd, Biddle, & Teske, 2011; Karen G. Lloyd, Alperin, & Teske, 2011). I 
have analyzed the genomes of MCG archaea from three sample sites in the WOR. At all 
three sites, the MCG were shown to be the predominant archaeal phylotype 
(Supplementary Figure 2).  Here, I address the dissimilatory nitrogen and sulfur 
metabolic genes found in these genomes to try and determine the MCG metabolic 
capabilities with respect to inorganic compounds. Understanding the processes this 
significant portion of the biosphere are involved in will help us better understand how 
subsurface microbial communities impact global processes and how these could be 
exploited to potentially mitigate some of the anthropogenic damage done to the 
environment.  
 
METHODS 
 
 A total of six, 1 meter core samples were 
collected from the White Oak River Estuary in North 
Carolina in October of 2010. There were three 
sampling sites (2 samples per site), (Figure 1). Each 
core was subsampled based on centimeters below sea 
floor (cmbsf): shallow (8-12 cm cmbsf), SMTZ (24-32 cmbsf), deep (44-54 cmbsf). The 
SMTZ (sulfate to methane transition zone) varies between habitats and was determined 
by geochemical measurements (Supplementary Figure 1).  
DNA extractions and high throughput Illumina sequencing for each subsample 
(shallow, SMTZ, deep) were done by Dr. Cassandre Lazar (Bennett, 2004). Dr. Brett 
Figure	  1.	  	  Location	  of	  WOR	  estuary	  on	  
the	  coast	  of	  North	  Carolina. 
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Baker processed the sequence data and assembled contigs and scaffolds from the 
sequence reads. The sequences were binned and then compared (Altschul, Gish, Miller, 
Myers, & Lipman, 1990) against three different databases using BLAST (Altschul et al., 
1990): the Clusters of Orthologous Genes (COG) database, the Sanger Protein family 
(Pfam) database ((Punta et al., 2011)), and the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database (Kanehisa et al., 2014).  
Dr. Lazar and I then sorted the genes of each annotated genome by function (e.g. 
stress response, viral genes, carbohydrate metabolism, etc.). Using published studies and 
database entries (COG, Pfam, and KEGG), I then constructed putative metabolic 
pathways for the MCG genomes. 
 
 
RESULTS  
 
A total of 150 genomes, bacterial and archaeal, were assembled from the samples 
taken. Using 16S rRNA genes, it was determined that of the genomes, 130 were bacterial 
and 20 were archaeal. Of the archaeal genomes, 6 were from the Miscellaneous 
Crenarchaeotal Group (MCG): two from MCG-1, one from MCG-6, two from MCG-
7/17, and one from MCG-15. The six MCG genomes in this study were all more than 
complete (>100%) and ranged from 1.01 to 2.01 Mbp in size and had 1267 to 2649 
genes, after correcting for completeness (Table 1).  
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Genome Depth Subgroup Genome size (Mbp) Coding regions 
AD8-1 Shallow MCG-6 1.54 1955 
SG8-32-1 Shallow MCG-1 2.01 2649 
SG8-32-3 Shallow MCG-1 1.39 1834 
SMTZ-55 SMTZ MCG-7/17 1.01 1278 
SMTZ-80 SMTZ MCG-7/17 1.15 1267 
Deep-45 Deep MCG-15 1.50 1781 
Table 1. Genome summaries for MCG archaea in this study. Depth is indicated in the second 
column: shallow (8-12 cmbsf), SMTZ (sulfate to methane transition zone) (24-32 cmbsf), and 
deep (44-54 cmbsf). MCG subgroup classification is that proposed by Kubo et al. 2012.  
 
 All genes discussed below had sequence homologies above 20%, with some as 
high as 60%3. The results are summarized in Table II.  
 
Nitrate and nitrite reduction 
 
Each MCG from this study had at least one copy of nirB, with one of the MCG-6 
genomes having 11 copies. The nirB gene encodes a single cytoplasmic protein that 
reduces nitrite (NO2-) to ammonium (NH4+) as the second part of a process called 
dissimilatory nitrate reduction to ammonium (DNRA) (Figure 2). The NirB polypeptide 
is occasionally found in complexes with NirD, whose function is unknown. Two copies 
of nirD were found in one of the MCG-6 genomes from the shallow sample.  
The nirB gene is thought to be regulated by the gene fnr, which is a member of 
the Crp family of regulators (cAMP receptor protein). A total of 4 copies of this gene 
were found in the samples: one copy in an MCG-1 and three copies in an MCG-7/17. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3	  This is not atypical given the diversity of many enzymes. It is often the case that preservation of 
the active site and other binding sites is highest, while other segments experience lower selection 
pressure. Some archaeal enzymes have only 20% identities between phylotypes (Kappler, 2011). 
I have yet to analyze the active sites of the enzymes discussed here, but further studies will shed 
more light on the functions of these enzymes.  
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Another regulator of nirB is the 2-component system nar X/Q-narL/P, which was found 
in the other MCG-1 genome. Considered together, all of the genomes have nirB and half 
have purported nirB regulators.  
A gene that was predominant in the upper layer and SMTZ, but absent in the deep 
sample, was nosD, a periplasmic nitrous oxide reductase accessory protein. The enzyme 
responsible for catalyzing the reduction of nitrous oxide (N2O) to nitrogen gas (N2) is 
NosZ, which was not detected in any genome (see discussion below). Nitrous oxide 
reductase genes (nos genes) were found in four of the six MCG genomes (Table 2 and 
Figure 2). The nos operon can be regulated by nsrR, DNR, or NnR; a total of six nsrR 
genes were found in three of the four genomes containing the nosD gene.  
In addition to these major proteins, less abundant genes pertaining to inorganic 
metabolism of MCG were found as well. The Nar system of proteins is a group of 
membrane-bound nitrate reductases. The catalytic subunit of the nar operon in Archaea is 
NarG, which was found in one shallow MCG-1 genome. Other genes in the nar operon 
were found in the genomes, e.g. narI, narL, narK, and narQ- NarK/U is an N-oxyanion 
transporter. Periplasmic nitrate reductases are encoded by the gene nap. Nap genes were 
present in four of six genomes, though none had a copy of the gene thought to code for 
the catalytic subunit, napA.   
 
Sulfur metabolism 
 
Although many enzymes involved in sulfur metabolism were detected, nearly all 
are involved in assimilatory processes (i.e. incorporation into biomass), which is not the 
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focus here. For example, copies of aslA were found in most of the genomes. This gene 
has be a serine protease and is likely not unique to any particular pathway (Szameit et al., 
1999).   
A gene of considerable interest that appeared in five of the six genomes is a gene 
only reliably identified by the COG ID 2041. Most databases indicate that this gene codes 
for a sulfite-oxidase gene. A gene often associated with COG 2041 was yedY. This is an 
enzyme that has been studied in pathogenic bacteria and has great sequence homology to 
other sulfite-oxidizing enzymes. However, when individual sequences were investigated, 
the highest sequence homology was with other archaea. For example, a sequence of 230 
amino acids covered 82% of one of our sulfite-oxidase genes and they had a coverage of 
82%, homology of 57%, and an e-value of 10-69 (accession no. YP_001403590). 
Comparison with other class 3 sulfite oxidases (see appendix) of cd_2109 (conserved 
domain) from Sinorhizobium meliloti gave much lower scores of 69% coverage, 28% 
homology, and an e-value of 10-20 (accession no. YP_007614251.1) (Finan et al, 2001).  
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Copies 
 MCG subdivision 
6 1 1 7/17 7/17 15 
Gene Shallow SMTZ Deep Function 
NO2-→NH4+ 
nirB/D 2 13 5 3 3 1 cytoplasmic nitrite reductase 
fnr/CRP 0 0 1 0 3 0 potential nirB regulator 
narLQ 0 1 0 0 0 0 potential nirB regulator 
N2O→N2 
nosD/Y 8 24 4 0 2 0 nitrous oxide reductase accessory proteins 
ygbA 1 1 4 0 0 0 putative nos-regulator/NO-stimulated promoter 
NO3-→NO2- 
napCDFH 0 1 6 0 1 1 periplasmic nitrate reductase accessory proteins 
narGILQ 1 2 0 0 0 2 membrane-bound nitrate reductase subunits 
Other 
COG2041 1 5 5 0 3 1 potential sulfite oxidase 
narK/U 1 0 0 3 2 3 NO3-/NO2- transporter 
Table 2. The major findings of this study. The left-most column indicates the processes in which the genes 
are involved. COG2041 is a sulfite-oxidase-like protein, closely related to YedY. NarQL is capable of 
regulating both nirB and nap operons and is categorized under both.   
 
 
DISCUSSION 
 This study analyzed six complete MCG genomes from subsurface sediments 
taken from the WOR estuary. The large amount of genetic material provided us with a 
unique opportunity to investigate the metabolic capabilities of the MCG archaea with 
respect to nitrogen and sulfur cycling. Since sediments are anoxic, alternative electron 
acceptors must be used if the organism is going to generate ATP through respiration. No 
indications of the ability to use Fe(III) or Mn(IV) were detected in any genome. 
Additionally, the absence of dsr genes adds credence to the hypothesis that the MCG are 
not sulfate-reducers. This is consistent with Teske and Lloyd’s hypothesis that MCG do 
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not change abundance with changing sulfate concentrations (K. G. Lloyd et al., 2011). 
Furthermore, no genes implicated in strictly aerobic processes were found, supporting the 
observations made by others that MCG may be strictly anaerobic archaea (Kubo et al., 
2012).  
No definite conclusions can be drawn about the potential for sulfite oxidation in 
the MCG. While a sulfite oxidizing enzyme (SOE)-derived enzyme is present in five of 
the six genomes (COG 2041), more evidence is necessary before a conclusion can be 
reached concerning the MCG’s ability to oxidize sulfite. Recent studies have shown that 
class I SOEs have a subdivision that is encoded by the gene yedY. This enzyme, although 
having the structure of a SOE, does not oxidize sulfite in a laboratory setting, though it 
may have the ability to reduce dimethylsulfoxide (Kappler, 2011). However, the archaeal 
SOEs that have been examined thus far (class III, cd_2109) do not seem to have this odd 
characteristic (Wilson & Kappler, 2009), suggesting that this gene may be functional in 
the MCG. Sulfite oxidation would be a potentially beneficial in light of a recent study by 
Lloyd that shows MCG can degrade amino acids, a process which is known to release 
sulfites, which are toxic to cells. (Dahl & Friedrich, 2007; Lloyd et al., 2013).  
The biologically mediated nitrogen cycle is controlled by a large number of 
genes, most of which are shown in Figure 2. Some of these processes are exclusively 
carried out in bacteria and archaea (e.g. nitrogen fixation), while some occur in all three 
domains (e.g. nitrate reduction). To what extent the archaea play a role in the nitrogen 
cycle is unknown, but evidence suggests they are capable of carrying out all reactions in 
Figure 2, as are the bacteria. (Cabello, Roldán, & Moreno-Vivián, 2004) Given their  
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abundance, the MCG analyzed here seem to be capable of significantly affecting the 
global nitrogen cycle.  
 
Figure	  2	  The	  biologically	  mediated	  nitrogen	  cycle.	  The	  genes	  known	  to	  catalyze	  a	  given	  reaction	  are	  shown	  between	  their	  reactant	  and	  product.	  Processes	  in	  blue	  are	  assimilatory	  (converted	  to	  biomass)	  while	  processes	  in	  black	  are	  dissimilatory	  (not	  converted	  to	  biomass).	  Genes	  found	  in	  the	  MCG	  genomes	  in	  this	  study	  are	  boxed. 
 
The MCG have the ability to reduce nitrite to ammonium  
 
The most supported finding from this study is that the MCG of the subdivisions 1, 
6, 7/17, and 15 are all capable of reducing nitrite to ammonium in a dissimilatory manner. 
This is part of a process called dissimilatory reduction of nitrate to ammonium (DNRA) 
or ammonification.  The process is often referred to as a single reaction, but it is actually 
carried out by two sets of enzymes. NO3- is first reduced to NO2- by either Nap or Nar 
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reductases (see below; Figure 2). Then, either NirB or NrfA reduces NO2- directly to 
NH4+. Copies of nirB, which is a single polypeptide, were found in every genome in this 
study: this is strong evidence that these MCG can reduce nitrite to ammonium.  
NirB contains the prosthetic group siroheme (a modified form of heme) which is 
found mostly in sulfite and nitrite reductases (Murphy, Siegel, Tove, & Kamin, 1974). An 
important distinction must be made between NirB and NrfA (not present in any genome): 
while they both carry out the same reaction, they do so by entirely different mechanisms 
(Mohan & Cole, 2007). Much more is known about NrfA than NirB and many questions 
relevant to this study are currently unanswered. For example, NrfA has been reported to 
produce NO and N2O as byproducts of ammonification (Corker & Poole, 2003), although 
studies countering this have also been done (Gilberthorpe & Poole, 2008). If NirB also 
produces N2O as a byproduct, this could explain, in part, the presence of the nos genes, 
though this side product may only account for approximately 1% of NO2- reduced by 
nitrite reductases at ecologically relevant pHs (Cole, 1990; Rütting, Boeckx, Müller, & 
Klemedtsson, 2011) 
 
Nitrous oxide reductase 
 
Of the enzymes known to take part in denitrification (the stepwise reduction of 
NO3- to N2 by use as a terminal electron acceptor), Nos has been shown to be the least 
common, or at least the least detected in environmental samples. (Bru et al., 2011; Henry, 
Bru, Stres, Hallet, & Philippot, 2006) However, numerous copies of the nosZ accessory 
protein, nosD, were found in all of the shallow genomes, and nosY was seen in one of the 
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MCG-1 genomes. The absence of the catalytic subunit, nosZ, is not particularly 
surprising given recent studies involving this gene. It has been shown that nosZ has a 
tremendous amount of sequence variability and that the original PCR primers used to 
assay for nosZ presence fail to detect the gene in some organisms that are known to 
reduce N2O to N2. (Jones, Graf, Bru, Philippot, & Hallin, 2013; Sanford et al., 2012; 
Scala & Kerkhof, 1999) Furthermore, this same scenario has been reported in other 
archaeal genomes: nosDY is present in Haloferax volcanii, a euryarchaeote; but nosZ is 
absent, although it is not known if H. volcanii can use N2O as an electron acceptor 
(Zumft and Körner, 2007).  
It therefore seems entirely possible that the genomes coding for the nosZ 
accessory proteins nosY and nosD, especially multiple copies, contain some type of 
nitrous oxide reductase not recognized during genome annotation. This hypothesis is 
further bolstered by a discovery from 1993 in which a novel type of nitrous oxide 
reductase was found in the Crenarchaeote Pyrobacculum aerophilum (Völkl et al., 1993).  
The potential presence of only part of the denitrification pathway is not 
uncommon in prokaryotes; in fact, partial denitrifiers are more common than complete 
dentirifiers since each step generates a proton motive force that is used in ATP synthesis 
(Shapleigh, 2013). The reduction of N2O to N2 is an exergonic and energetically 
favorable reaction (ΔG0’= -339.5 kJ/mol) and therefore does not need to be coupled to 
another reaction to be biologically useful (Pauleta, Dell’Acqua, & Moura, 2013).  
 
Nitrate reductase genes are largely absent 
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There are two enzymes known to reduce nitrate to nitrite in a dissimilatory 
fashion: NarGHI, which is membrane bound, and NapAB, which is periplasmic. 
Interestingly, the Nar complex has a reversed orientation in archaea, with the active site 
and catalytic subunits (G and H) on the outside of the cytoplasm (Richardson et al., 
2007). The two subunits coded for by narG and narH form a dimer, which binds to the 
membrane-bound NarI. An MCG-1 from this study had a copy of the catalytic subunit 
gene, narG and the MCG-15 had two copies of narI. Genes coding for the subunit NarH 
were entirely absent from all genomes. NarQL is capable of regulating both the nir and 
nap operons. (Philippot, 2002; Sparacino-Watkins, Stolz, & Basu, 2013). NarQL is a 
two-component regulatory system, with the sensor, NarQ, embedded in the membrane 
and NarL binding to DNA in the presence of nitrate or nitrite. Interestingly, the gene 
narQ was detected in the MCG-6 and an MCG-1, and narL was present in the same 
MCG-1 genome. 
The Nap nitrate reductase is typically comprised of two subunits (A and B), 
however, functioning NapA, without NapB, has been found in some species of bacteria 
((Dias et al., 1999). The only nap genes detected in our archaeal genomes were those that 
code for accessory proteins (C,D,F,H). NapC and H, both of which are membrane 
cytochromes, were the most abundant (accounting for seven of the nine copies), while 
one copy of both napD and F were found; both of which are involved in the maturation of 
NapA (Mohan & Cole, 2007).  
 In these MCG genomes, the evidence for NO3- reduction to NO2- is therefore not 
particularly compelling. The almost uniform absence of catalytic subunits for both 
periplasmic and membrane nitrate reductases implies that this is not a reaction the MCG 
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subgroups analyzed here can carry out using known enzymes. Though it is not possible to 
say for certain why genes coding for accessory proteins are present in some genomes, 
even though the genes coding for catalytic subunits are absent, there are potential 
explanations. The MCG may have formerly been capable of reducing nitrate to nitrite and 
have since lost some of the genes necessary to carry out the reaction. It is also possible 
that the catalytic subunits are of a novel type and are therefore not recognized in any 
known database. Overall, more evidence is needed to determine whether or not the MCG 
can reduce nitrate to nitrite.  
 
Transport proteins 
 
In terms of inorganic ion transport, four of the six genomes had at least one copy 
of the narK/U gene. This gene family codes for two different types of nitrate transporter: 
one variant is a NO3-/NO2- antiporter; the other a NO3-/H+ symporter (Wood, Alizadeh, 
Richardson, Ferguson, & Moir, 2002). Though referred to as nitrate transporters, 
evidence suggests that other N-oxyanions (e.g. nitrite) may also be transported 
(Richardson, van Spanning, & Ferguson, 2007). 
Based on the absence on NO2- transporters in nitrite reducing bacteria, it has been 
proposed that nitrite can freely diffuse through membranes in their protonated form, as 
HNO2, or that nitrite does not require a specific transporter (Moir & Wood, 2001). We 
therefore conclude that nitrite has some mechanism of getting into the cell and the 
absence of known transporters likely does not affect the MCG’s ability to reduce nitrite. 
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The interaction between genes and environment 
 
The genes found in this study support the hypothesis that some MCG archaea 
have the ability to reduce nitrite to ammonium (nitrite ammonification) and respire 
nitrous oxide via reduction to N2. Though involving similar compounds, these two 
processes are not physiologically connected to one another. Notably, this exact 
combination of processes (the last step of denitrification and nitrite ammonification) is 
found in Wolinella succinogenes (Simon, Einsle, Kroneck, & Zumft, 2004). Ecologically, 
these two processes have opposite consequences: the production of ammonium keeps 
nitrogen in the local environment, since highly reduced nitrogen compounds are the only 
ones capable of integration to biomass (Cabello et al., 2004). On the other hand, the 
production of N2 leads to a loss of nitrogen from an ecosystem, since N2 is an inert gas 
and can only be used by diazotrophs (Mohan & Cole, 2007). Whether this is significant 
(i.e. whether fixed nitrogen is scarce) depends on the ecosystem; however, it is doubtful 
that the preservation of fixed nitrogen is of great importance in the WOR estuary, since 
estuaries are nutrient rich and have high nitrogen concentrations (Sørensen, 1978).  
The WOR estuary is rich in organic carbon (Supplementary Figure 1), and since 
organic rich-sediments are typically rich in NH4+, nitrite assimilation is expected to be 
minimal (Jørgensen, 1989). This means that nitrite can be reduced by denitrification, 
anammox (anaerobic oxidation of ammonium) or DNRA. Based on the abundance of 
nirB and the absence of hzo, norBC, and nirK/S, it seems that DNRA is the preferred 
method of NO2- reduction for MCG. Given that marine sediments are have low reduction 
potentials (i.e. are reducing (Sørensen, 1978)) DNRA is a more favorable reaction from 
	   Hyde	  17	  
an energetics point of view. The siroheme prosthetic group of nirB transfers six electrons 
to each NO2-, while denitrification only transfers two or three. Since electrons are 
abundant, it makes sense to use reactions that involve more electron transfers to each 
electron acceptor (NO2-) (Mohan & Cole, 2007). NirB often uses NADH as the electron 
donor, therein regenerating NAD+, a necessary oxidant for metabolic processes. At a 
molecular level, this is very different than denitrification: denitrification is respiratory, in 
that it produces a proton motive force; DNRA on the other hand, does not, instead 
generating less ATP by substrate-level phosphorylation; it is thus more accurate to call it 
“dissimilatory” (Schmidt & Schaechter, 2012). Overall, this reaction serves as an 
“electron sink” and helps maintain the cellular redox balance (Simon, 2002; Zumft, 
1997).  
Furthermore, estuarine water columns and sediments have higher concentrations 
of NO3- than dissolved O2, which allows denitrification to account for more carbon 
oxidation than aerobic processes (Jorgensen & Sorensen, 1985). It therefore seems 
reasonable to assume a large presence of NO3- reducing microbes. It could be the case 
that these denitrifying bacteria and archaea can only carry out the first few steps of 
denitrification (nitrate, nitrite, and nitric oxide reduction). The release of N2O by these 
partial denitrifiers could provide the terminal electron acceptor for these MCG.  
 Knowledge about archaeal and bacterial metabolisms may allow us to exploit 
these reactions to try and reverse some of the damage our species has done to our planet 
(Atlas, 1995; Finneran, Housewright, & Lovley, 2002). Nitrate runoff is a very common 
problem associated with some fertilization methods. The excess nitrate in ecosystems 
enriches for denitrifiers, which leads to a tremendous increase in N2O emissions, a very 
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potent greenhouse gas, nearly 300 times as harmful than CO2 (Naqvi et al., 2000). 
Knowing that some organisms, like the MCG in this study, can potentially respire solely 
on N2O may allow us to develop methods to reduce natural and anthropogenic N2O 
emissions.   
 This work presents results that suggest for the first time the capacity for MCG 
involvement in nitrogen cycling. Though our genomic evidence implicates MCG in 
DNRA and N2O reduction, these results cannot yet be generalized to all MCG, since so 
little is known about this very diverse group of archaea. Despite recent attempts (Gagen 
et al., 2013), the MCG have yet to be cultured; and while metagenomics is a remarkably 
powerful tool for analyzing uncultured organisms and whole communities, there are 
significant limitations that must be acknowledged before too much weight is given to any 
finding. Metagenomics only tells us what genes are present, not whether or not they are 
being used; a metatranscriptomics-based study of the MCG would help address this.  
 Often, genomics approaches (i.e. metagenomics, metatranscriptomics, and 
metaproteomics) are deemed to be “culture-independent” techniques. This is true in that 
they do not require the organism to be cultured before it is analyzed. However, it is also 
slightly misleading because these techniques do still rely on cultured organisms: the 
information we have about microbial genes and proteins that we use for annotation come 
from cultured organisms. The findings from metagenomic studies could potentially aid in 
culturing attempts, which would improve these databases; this limitation should be kept 
in mind when looking at archaeal genomes. Furthermore, half of each genome we 
examined was comprised of genes with unknown functions- what could these genes be 
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doing? In this way, metagenomics is a limited approach, perhaps underestimating the 
capabilities of these microbes.  
Despite all of the above caveats, metagenomics is still a remarkably powerful 
approach, allowing us to probe parts of nature that have previously been off limits. The 
evidence we have analyzed using this technique has shown that the MCG archaea likely 
take part in several parts of the global nitrogen cycle. Given their abundance in marine 
sediments, these findings may allow for us to refine current geochemical models so that 
we may better understand the role archaea play in the cycling of elements essential for 
life.  
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SUPPLEMENTARY INFORMATION 
 
Supplementary Figure 1. Geochemical measurements of sample sites at White Oak 
River (WOR) estuary. (A) shows concentrations of CH4 (, mM); SO42- (¢, mM); 
and S2- (★, µM). (B) shows percentage of  total organic carbon (TOC) as a function 
of depth. Figure is adapted from Lazar et al., in press.  
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Supplementary Figure II. Archaeal phylotype abundance at three sampling sites in WOR estuary. 
MCG: Miscellaneous Crenarchaeotal Group; MBG: Marine Benthic Group; TMEG: Terrestrial Misc. 
Euryarchaeotal Group; DHVE: Deep-sea Hydrothermal Vent Euryarchaeotal Group; SAGMEG: 
South African Goldmine Euryarchaeotal Group; MHVG: Marine Hydrothermal Vent Group; MG: 
Marine Group; NHG: Novel Halobacteriales Group; CD: Candidate Division; VAL: Valkea Kotinen; 
ANME: Anaerobic Methanotrophic archaea.  
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